E1 deletion adenoviral vectors of the human serotype 5 (AdHu5) and the chimpanzee serotype 68 (AdC68) expressing the rabies virus glycoprotein (rab.gp) were tested for induction of transgene product-specific antibodies upon intranasal or oral immunization of newborn mice. Both vectors induced antibodies to rabies virus that could be detected in serum and mucosal secretions. Serum rabies virus-neutralizing antibody titers sufficed to protect neonatally vaccinated mice against a subsequent challenge with rabies virus. The efficacy of the AdHu5rab.gp vector given orally to newborn mice born to AdHu5-immune dams was not impaired by maternally transferred antibodies to the vaccine carrier.
Vaccines remain the most efficacious medical intervention to reduce mortality and morbidity due to viral infections. Although more than 400 distinct viruses can cause symptomatic infections in humans, prophylactic vaccines are available for fewer than 20 of these pathogens. The threat of viral infections is increasing due to emerging viruses that with modern modes of transportation and the resulting highly mobile populations in developed countries spread rapidly from their places of origin. Also, there is a heightened threat of terroristic release of viruses with potentially increased virulence due to molecular engineering. Both situations necessitate the generation of additional vaccines which can be distributed rapidly to large segments of a susceptible population for protection against viral pathogens.
Traditionally, vaccines were developed by inactivation or attenuation of pathogens. Advances in molecular biology now allow for the generation of recombinant subunit vaccines based on different carriers, which have a strong impact on the magnitude and the type of the immune response to the vaccine antigen. The type of vaccine vehicle also imposes constraints on the potential routes of vaccine delivery. Most currently used vaccines are applied systemically. In less developed countries in general and in developed countries in states of emergency, the more convenient route of oral vaccination would be highly desirable to allow for less expansive and more expeditious vaccine distribution. Adenoviral (Ad) recombinants of the human serotype 5 (AdHu5) have outstanding efficacy as vaccine carriers in experimental animals (8, 14, 20, 21, 22, 32) and are now undergoing clinical trials (12) . Intranasal application of such vaccines has been tested (5, 27) and was shown to induce antibody responses at mucosal surfaces, the most common port of entry for most viral pathogens. Replication-defective or replicationcompetent Ad recombinants of human or porcine serotypes have been demonstrated to induce cellular and humoral immunity to the target antigen upon oral or enteric administration (7, 9, 18) . Epicutaneous application through dermal patches has been tried with some, albeit limited, success (11, 19) . Taken together, these data attest to the versatility of the vaccination routes suitable for Ad recombinant vaccine vehicles (23) .
AdHu5, the most commonly used vector for preclinical vaccine studies, is a ubiquitous pathogen, and circulating serotypespecific neutralizing antibodies found in up to 45% of the adult U.S. population interfere with the efficacy of systemically delivered Ad vaccines based on the homologous serotype (3, 13, 15, 16, 28) . To circumvent this interference, an alternative vector system based on an Ad that originated from the lymph nodes of a chimpanzee was developed. E1 deletion recombinants derived from this virus, designated chimpanzee serotype 68 (AdC68), induce a transgene product-specific response in rodents upon systemic or intranasal application, and this response is not impacted by preexisting immunity to common human serotypes of Ad (28) . These studies were conducted with a mouse rabies virus model that is considered an appropriate model for human rabies vaccines. Current vaccine lots are de facto analyzed by a so-called National Institutes of Health potency test in rodents (4) before their release for use in humans. Rabies virus is a simple RNA virus that encodes only five antigens. Of those, the glycoprotein is the sole target of virus-neutralizing antibodies (VNAs), which provide protection against viral challenge (29) .
Here we used this model system to address whether oral delivery of E1 deletion Ad vectors of the human serotype 5 and the chimpanzee serotype 68 expressing the glycoprotein of the fixed Evelyn Rokitniki Abelseth (ERA) strain of rabies virus stimulates systemic and mucosal antibody responses and protection against severe rabies virus challenge. We furthermore analyzed whether the transgene product-specific humoral immune response to oral Ad vaccination is impaired by preexisting antibodies to the vaccine carrier and whether such a response can be boosted by a second dose of the homologous vaccine carrier given per os. Our data confirm that at appropriately high vaccine doses, E1 deletion AdHu5 and AdC68 recombinants induce both systemic and mucosal transgene product-specific antibody responses. Responses to oral vaccination are not strongly impaired by preexisting immunity to the vaccine carrier. In agreement with this observation, homolo-gous oral primer-booster regimens were found to be highly effective in enhancing mucosal and systemic transgene product-specific antibody titers.
MATERIALS AND METHODS

Mice.
Female inbred C57BL/6 mice and outbred ICR mice were used at 6 to 12 weeks of age.
Cell lines. BHK-21 and 293 cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and antibiotics.
Viruses. The AdHu5rab.gp recombinant, an E1 deletion Ad recombinant of the human serotype 5 expressing the glycoprotein of the ERA strain of rabies virus, has been described previously (1) . Generation of the more recently developed E1 deletion AdC68rab.gp vaccine expressing the same transgene product in a simian Ad vector has been reported previously (3, 28) . Viral recombinants as well as wild-type AdHu5 were propagated and titrated on 293 cells. Dosing of the recombinant Ad vectors was in terms of numbers of PFU. Dosing of wild-type Ad was in terms of numbers of virus particles (vp) so that induction of antibodies against the Ad antigens by defective vp was taken into account. The ERA strain of rabies virus was grown on BHK-21 cells, purified by gradient centrifugation, and inactivated by treatment with beta-propiolactone (BPL) (25) . The protein content of the inactivated virus (ERA-BPL) was determined and adjusted to 1 mg/ml. The rabies CVS-11 strain used for challenge was propagated and titrated on BHK-21 cells (26) .
Immunization and challenge of mice. Mice were immunized once or twice with various doses (given in numbers of PFU) of the AdHu5 or AdC68 constructs given per os or intramuscularly (i.m.). It had been shown previously that mice immunized with an Ad recombinant expressing a viral antigen not derived from rabies virus failed to induce rabies virus-specific antibodies (28) . This control was thus not included in the described set of experiments. It had also been reported previously that oral immunization with 10 6 PFU of the AdHu5rab.gp vaccine failed to induce titers of antibodies to rabies virus in sera. We modified the previously described vaccination procedure by applying the vaccines with a feeding tube to ensure swallowing rather than inhalation or spillage of the vaccine. Furthermore, we diluted the vaccine in a buffered salt solution rather than in saline. Mice were immunized with wild-type AdHu5 given intranasally or i.m. Mice were challenged with 10 mean lethal doses of the CVS-11 strain of rabies virus injected directly into the brain. Experiments were conducted two to five times with groups of five to eight mice to ensure reproducibility.
Preparation of samples. Blood was harvested by retro-orbital puncture. Sera were prepared and heat inactivated at 56°C for 30 min. Sera were tested for rabies virus neutralization starting at a 1:5 dilution and for neutralization of AdHu5 starting at a 1:20 dilution. They were analyzed by enzyme-linked immunosorbent assay (ELISA) starting with a 1:200 dilution. Antibody isotypes were tested with a 1:800 dilution of sera. Vaginal lavage fluid was harvested by rinsing the vaginal cavity three times with 50 l of saline (final volume of 150 l). The sample was centrifuged at 5,000 rpm for 5 min to remove debris. Vaginal lavage fluid was titrated starting at a dilution of 1:2; antibody isotypes were determined with a 1:8 dilution (30) . Feces were collected and suspended at 50 mg/ml in PBS containing 1% NaN 3 . After 1-h incubation at room temperature, samples were vortexed and debris was removed by centrifugation at 14,000 rpm in an Eppendorf centrifuge (27) . Samples were tested for antibody titers starting at a 1:2 dilution and for isotypes at a 1:5 dilution.
Spleens, cervical and mesenteric lymph nodes, and Peyer's patches were harvested 18 to 72 h after oral immunization.
ELISA. Sera, vaginal lavage fluids, and fecal suspensions were tested on rabies virus-coated plates as described previously (30) . Briefly, round-bottom microtiter plate wells were coated overnight with 0.2 g of ERA-BPL virus or purified AdHu5 diluted in 100 l of coating buffer (15 mM Na 2 CO 3 , 35 mM NaHCO 3 , and 3 mM Na 2 N, pH 9.6). The next day, plates were treated for 24 h with phosphate-buffered saline (PBS) containing 3% bovine serum albumin. The following day, plates were washed two times with 150 l of PBS for 24 h, dried, and kept at Ϫ20°C. Sera were serially diluted in PBS containing 3% bovine serum albumin. The different dilutions of sera were incubated in duplicate at 100 l per well on the ERA-BPL-coated plates for 1 h at 4°C. Fecal suspensions and vaginal lavage fluids were incubated overnight. Plates were washed five times with PBS and treated with an alkaline phosphatase-conjugated goat anti-mouse immunoglobulin (Ig) for 1 h at 4°C. Plates were washed and incubated for 20 min with the substrate (10 mg of d-nitrophenyl phosphate disodium dissolved in 10 ml of 1 mM MgCl 2 -3 mM NaN 3 -0.9 M diethanolamine [pH 9.8]). Plates were then read in an automated ELISA reader at 405 nm. Isotypes of antibodies to rabies virus were tested on ERA-BPL-coated plates with the Calbiochem isotyping kit, which has comparable sensitivities for different antibody isotypes (23) .
Virus neutralization assay. Sera were tested for neutralization of CVS-11 virus, which is antigenically closely related to the ERA virus, as described previously (24) . Sera were tested for neutralization of AdHu5 by a plaque reduction assay as described previously (3) .
Reverse transcription-PCR. Mice were sacrificed, and lymphoid tissues were harvested and disrupted by a polytron probe in a solution of Tri-reagent (Molecular Research Center [MRC], Cincinnati, Ohio). RNA was isolated from individual samples as described by the manufacturer. Briefly, 100 l of F solution (1-bromo-3-chloropropane) (MRC) was added to every sample. The aqueous phase was transferred to fresh tubes, and RNA was precipitated by isopropanol, washed with 70% ethanol, and resuspended in diethyl pyrocarbonate-treated water (Ambion, Inc., Houston, Tex.). DNA was removed by treatment with DNase (Ambion, Inc.) for 30 min at 37°C. DNase was removed with the DNase removal kit (Ambion, Inc.). cDNA was synthesized from RNA samples with Moloney murine leukemia virus reverse transcriptase (Life Technologies, Inc., Rockville, Md.). Samples were amplified for the synthesis of cDNA for the rabies virus glycoprotein and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) by using the following primers: rabies glycoprotein forward primer, 5Ј-AAA GCA TTT CCG CCC AAC AC-3Ј; rabies glycoprotein reverse primer, 5Ј-GGT TAC TGG AGC AGT AGG TAG A; GAPDH forward primer, 5Ј-GGT GAA GGT CGG TGT GAA CGG ATT T-3Ј; and GAPDH reverse primer, 5Ј-AAT GCC AAA GTT GTC ATG GAT GAC C-3Ј. PCR conditions for all genes consisted of initial denaturation at 94°C for 5 min followed by 40 cycles of denaturation at 94°C for 1 min, annealing at 55°C for 2 min, and extension at 72°C for 3 min. The amplicons were separated by electrophoresis on a 1% agarose-ethidium bromide gel against molecular weight standards. The gels were analyzed with a FluorImager SI (Vistra Fluorescence).
RESULTS
E1 deletion Ad vectors of human and simian serotypes induce transgene product-specific antibodies in sera upon oral application. The rabies virus glycoprotein was used to test for the induction of antibodies by Ad recombinants based on the human serotype 5 (AdHu5rab.gp) or the chimpanzee serotype 68 (AdC68rab.gp). It had been shown previously that upon subcutaneous (s.c.) or i.m. immunization both vaccines stimulate antibodies to rabies virus, although serum antibody titers were markedly higher upon vaccination with the AdHu5rab.gp vector. Upon intranasal immunization, both vaccines induced more comparable titers of rabies virus-specific antibodies in sera (28) . This may in part reflect differences in levels of transgene product expression, which in most albeit not all cell types is higher upon infection with AdHu5 vectors (28) . In this study, we orally immunized outbred ICR and inbred C57BL/6 mice with escalating doses of the AdHu5rab.gp and AdC68rab.gp vectors. The latter strain of mice generally mounts less vigorous B-cell responses to the rabies virus glycoprotein than mice of other strains, such as ICR and C3H/He mice (unpublished observation). Mice of either strain developed titers of antibodies to rabies virus at doses of or above 2 ϫ 10 6 PFU (Fig. 1A ). Oral immunization was not as effective as i.m. vaccination, as shown in Fig. 1B for the AdHu5rab.gp vector applied at high (10 7 PFU) and low (10 5 PFU) doses to groups of ICR mice. To ensure that oral immunization resulted in rabies virusspecific VNAs, which are crucial for protection against virus infection (29) , sera from AdHu5rab.gp-or AdC68rab.gp-vaccinated ICR mice were tested for neutralization of rabies virus. Both vaccines induced serum VNA responses to rabies virus upon oral application (Fig. 1C ) and, correspondingly, protective immunity to rabies virus challenge given directly to the central nervous system (Fig. 1D) . VNA titers and protective immunity, unlike titers tested by ELISA, showed a dose re-sponse curve for both vaccines. Upon systemic immunization with recombinant vaccines, titers detected by ELISA correlate with those determined by neutralization assays (28, 31, 32) , indicating that most antibodies elicited against the vector-encoded viral protein are directed against epitopes expressed on correctly folded protein and that these antibodies possess neutralizing activity. Upon oral immunization, this correlation was less rigorous, suggesting that the B-cell response targeted in part unfolded or partially degraded rabies virus glycoprotein, resulting in a high fraction of nonneutralizing antibodies that are detected by the ELISA only. Although both vaccines were less efficacious upon oral immunization than upon systemic immunization, complete protection could be achieved with either vaccine upon oral application of 2 ϫ 10 7 PFU of the vectors.
It was described previously that upon s.c. immunization, the AdHu5rab.gp vector induced a mixed Th1-Th2 response, with a IgG2a/IgG1 ratio of ϳ2, while the AdC68rab.gp vector favored stimulation of a Th1 response (IgG2a/IgG1 ratio of ϳ10) (28) . This difference in isotype distributions of the transgene product-specific antibodies was seen neither upon intranasal immunization, as reported earlier (28), nor upon oral vaccine application, as shown in Fig. 1E . Upon i.m. injection of the Ad recombinants, lymph nodes draining the injection sites rapidly acquire, within less than 24 h, transgene product-expressing cells with morphological and phenotypic characteristics of mature dendritic cells. These cells presumably become infected at an immature stage at the site of inoculation and then upon maturation migrate to lymphatic tissues, where they present the antigen to naïve T cells (unpublished data). To determine which lymphatic tissues became infiltrated by recombinant Ad-infected migratory cells and thus were likely to participate in induction of an immune response upon oral application of the Ad vectors, mice were fed 10 8 PFU of AdHu5rab.gp or AdC68rab.gp. Lymph nodes (cervical and mesenteric) and Peyer's patches were harvested 18, 48, or 72 h later, and RNA was isolated, reverse transcribed, and amplified for rabies virus glycoprotein-and GAPDH-specific cDNA by PCR. Rabies virus-specific amplicons could be detected in all of the lymph nodes at at leastone of the time points, indicating that the vaccines had been taken up within the oral cavity as well as within the intestine (data not shown).
E1 deletion Ad vaccines induce mucosal antibody responses upon oral application. Mucosal immunization, such as through the oral or respiratory route, favors induction of antibodies secreted at mucosal surfaces. This observation was analyzed further with ICR mice fed either the AdHu5rab.gp or the AdC68rab.gp vaccine. Titers of antibodies to rabies achieved with either vaccine at the vaginal mucosae and in fecal suspensions were comparable in orally vaccinated outbred ICR mice (Fig. 2 ). C57BL/6 mice generated antibodies in vaginal secretions upon oral vaccination with the AdHu5rab.gp vaccine. In contrast, oral application of the AdC68rab.gp vaccine at all doses tested (data shown only for the highest vaccine dose) induced only low levels of mucosal antibodies in C57BL/6 mice, although these mice developed substantial serum antibody titers with the AdC68rab.gp vaccine.
Oral vaccination overcomes interference by preexisting neutralizing antibodies to the Ad vaccine carrier. It had been shown previously that in mice preexposed to AdHu5, the serum antibody response to the rabies virus glycoprotein presented by the AdHu5rab.gp vaccine given systemically was strongly reduced while the antibody response to the AdC68rab.gp vaccine was not impaired (28) . To test for an effect of preexisting immunity to the vaccine carrier on the humoral response elicited by oral vaccination, mice were immunized with replication-competent (in its natural host) AdHu5 given at 5 ϫ 10 11 vp i.m. or at a lower dose of 5 ϫ 10 10 vp intranasally, the natural route of infection of humans by this virus. Titers of antibodies to the AdHu5 vector in sera, tested 4 weeks later by a neutralization assay starting with a 1:20 dilution of sera, were ϳ1:160 in the i.m. vaccinated group, which is comparable to titers commonly found in human adults. Intranasally vaccinated mice had neutralizing antibody titers below 1:20, although antibodies to Ad could readily be detected by ELISA (data not shown). AdHu5-immune as well as naïve mice were subsequently vaccinated with the AdHu5rab.gp vector given either per os or i.m. Mice were bled 2 weeks later, and titers of antibodies to rabies virus in sera were determined by a neutralization assay. As shown in VNAs to rabies virus were identical to those elicited in mice that had not been preexposed to the vaccine. Preexposure through the airways caused an increase in VNA titers elicited by oral vaccination. Overall, these data suggest that the efficacy of oral immunization is relatively unaffected by preexisting neutralizing antibodies to the vaccine carrier. Part of the experiment was repeated using different doses of the AdHu5rab.gp vector to test whether the efficacy of low vaccine doses could be inhibited by preexisting antibodies to the vaccine carrier. Intranasal preexposure was chosen for these experiments as this regimen is better suited to induce mucosal antibodies of the IgA isotype (30) . Intranasally preexposed and naïve mice were vaccinated orally with the AdHu5rab.gp vector. Two groups of mice were vaccinated with an intermediate dose of the AdC68rab.gp vector. Preexposure to AdHu5 had no effect on the transgene product-specific antibody titers in sera (Fig. 3B) or at vaginal surfaces (Fig. 3C ) induced by the two higher doses (2 ϫ 10 6 and 2 ϫ 10 7 PFU per mouse) of the AdHu5rab.gp vector or the one intermediate dose (2 ϫ 10 6 PFU) of the AdC68rab.gp vaccine. The serum and vaginal antibody responses to the lowest dose (2 ϫ 10 5 PFU per mouse) of the AdHu5rab.gp vaccine were marginally reduced in AdHu5-preexposed mice, suggesting that low-dose oral immunization may be affected by mucosal preexposure to AdHu5. Interestingly, the vaginal response to the highest dose of the AdHu5rab.gp vector as well as to the intermediate dose of the AdC68rab.gp vector was slightly increased in preimmune mice, suggesting a potential benefit from the AdHu5 preexposure on the transgene product-specific mucosal B-cell response to the vaccine antigen. The VNA response, as observed in the dose titration experiments whose results are shown in Fig. 1 , showed no strict correlation with the serum antibody titers determined by ELISA. Again, VNA titers were not strongly reduced in AdHu5-preexposed mice vaccinated with the high or intermediate dose of AdHu5rab.gp or AdC68rab.gp; the response to the intermediate dose of AdHu5rab.gp was slightly increased by ϳ2-fold, which is within the range of assay variability. The isotype profiles of serum and vaginal antibodies to rabies virus were not affected in AdHu5rab.gp vector-fed mice preexposed to AdHu5 through the airways (Fig. 3E) . The isotype profile of vaginal antibodies to rabies virus elicited by oral application of the AdC68rab.gp vaccine was shifted towards IgA in AdHu5-preimmune mice, suggestive of an effect of AdHu5-specific T helper cells on the vaccine-induced B-cell response.
Oral booster immunization enhances the antibody response to the transgene product of Ad vectors. To test whether a second dose of an Ad vector of the rabies virus glycoprotein enhanced antibody titers with oral immunization, groups of ICR mice were vaccinated with an intermediate dose of 2 ϫ 10 6 PFU of either AdC68rab.gp or AdHu5rab.gp. Mice were given oral booster immunizations 4 weeks later with the homologous or the heterologous carrier at the same dose used for priming. Serum antibody responses to the rabies virus glycoprotein were analyzed 2 and 12 weeks later. As shown in Fig. 4A , the oral booster immunization enhanced serum antibody responses at both time points tested. The AdHu5rab.gp-primed group responded to booster immunization with the homologous or heterologous vaccine carrier with similar increases in rabies virus-specific antibody titers, as shown by ELISA. VNA titers suggested an advantage for the homologous booster immunization (Fig. 4B) . In AdC68rab.gp-primed mice, booster immunization with the heterologous AdHu5rab.gp vector resulted in slightly higher rabies virus-specific antibody titers, as determined by ELISA and a neutralization assay, than those achieved with a second dose of the AdC68rab.gp vector. In either combination, priming with the AdHu5rab.gp vector elicited higher titers of antibodies than priming with the AdC68rab.gp vector. These results were compared with those of systemic primer-booster regimens in which mice were immunized with a low dose (10 5 PFU) of either AdHu5rab.gp or AdC68rab.gp vector. Mice received booster immunizations 2 months later with the same dose of either the homologous or the heterologous vaccine carrier. Control groups did not receive the second dose of vaccine. Titers of antibodies to rabies virus in sera analyzed 2 weeks after the booster immunization showed high VNA titers of 1:100 IU upon a single immunization with the AdHu5rab.gp vector. A second immunization with either the AdHu5rab.gp or the AdC68rab.gp vector failed to increase these titers. The AdC68rab.gp vector, on the other hand, induced at these low doses only modest VNA titers, which failed to increase upon booster immunization with the homologous construct, indicating that neutralizing antibodies to the vaccine carrier impaired uptake of the second vaccine dose. Booster immunization of AdC68rab.gp-immune mice with the AdHu5rab.gp vector, on the other hand, dramatically increased titers of VNAs to rabies virus (Fig. 4C) . These data again demonstrate the high susceptibility of systemic Ad vector immunization to interference by neutralizing antibodies to the vaccine carrier. The same groups of orally vaccinated mice for whom results are shown in Fig. 4A and B were analyzed for isotypes of rabies virus-specific antibodies in vaginal lavage fluids. An unexpected difference in the effects of homologous versus heterologous primer-booster vaccination became apparent (Fig. 4D) . Upon priming, vaginal lavage fluids from mice fed the AdHu5rab.gp or the AdC68rab.gp vector contained antibodies to rabies virus that by 2 weeks after vaccination were mainly those of the IgA isotype. Upon booster immunization of AdHu5rab.gp-primed mice with either the AdHu5rab.gp or the AdC68rab.gp vector, mice developed a pronounced IgG2a response within 2 weeks that exceeded the IgA response. Two months after booster immunization, the composition of rabies virus-specific antibodies in vaginal lavage fluids of mice vaccinated twice per os with AdHu5rab.gp reversed to a preponderance of the IgA isotype. In contrast, in AdHu5rab.gp-primed mice booster immunized with the AdC68rab.gp vector, vaginal antibodies to rabies virus remained dominated by antibodies of the IgG2a isotype, although levels of IgA antibodies were also substantial. AdC68rab.gp-primed mice showed low levels of IgA in their vaginal lavage fluids 2 weeks after booster immunization with either the homologous or the heterologous vaccine carrier, and levels of IgG antibodies were marginal. After 2 months, mice developed a pronounced IgG2a response that exceeded the IgA response. This was especially noticeable in mice vaccinated twice with the AdC68rab.gp vector (Fig. 4D) . To further assess the apparent preference of the two viral vectors to differentially induce mucosal IgA versus IgG2a antibodies to the transgene product, mice were vaccinated in follow-up experiments with an increased dose of either vaccine given at 2 ϫ 10 7 PFU per os. One month later, mice received booster immunizations with the same dose of the homologous vectors, and titers and isotypes of antibodies to rabies in vaginal lavage fluids were tested 2 months later. As shown in Fig. 4E , AdHu5rab.gp-vaccinated mice developed high levels of IgA antibodies to rabies virus while this isotype was virtually absent in vaginal lavage fluids from mice immunized twice with the AdC68rab.gp vector, which instead contained predominantly rabies virus-specific antibodies of the IgG2a isotype. Figure 4F summarizes the ratios of rabies virus-specific antibodies of the IgA and IgG2a isotypes in vaginal lavage fluids from the different groups of mice receiving primer-booster immunization with the Ad vaccines and stresses the preferential induction of mucosal IgA by the AdHu5 vector and the dominant stimulation of mucosal IgG2a by the AdC68 vector.
The unexpected efficacy of homologous oral primerbooster vaccination with the AdHu5 vector was compatible with the observed lack of interference of preexposure to wild-type AdHu5 in the transgene product-specific antibody response to oral AdHu5rab.gp vaccination. These results may suggest that upon oral immunization intestinal production of antibodies to the vaccine carrier is either low or short-lived and that preexposure or priming through the intranasal or oral route thus fails to affect uptake of the same vaccine carrier given several weeks later per os. It had been shown previously that intranasal immunization with the AdHu5 vector resulted in sustained titers of antibodies to the antigens of the vaccine carrier in fecal suspensions (27) . Here we extended these studies to mice vaccinated orally 1 month previously with 2 ϫ 10 7 or 2 ϫ 10 6 PFU of the AdHu5rab.gp vaccine. Again, mice had readily detectable titers of antibodies to the antigens of AdHu5 in fecal suspensions (data not shown), and the antibodies were mainly of the IgA isotype (Fig. 4G) . 6 PFU of AdHu5rab.gp or AdC68rab.gp. Mice were bled 2 weeks later. Mice were given booster immunizations 4 weeks after vaccination with 2 ϫ 10 6 PFU of the homologous virus (closed symbols), i.e., AdHu5rab.gp-immune mice were given AdHu5rab.gp and AdC68rab.gp-immune mice were given AdC68rab.gp, or the heterologous virus (half-closed symbols), i.e., AdHu5rab.gp-immune mice were given AdC68rab.gp and AdC68rab.gp-immune mice were given AdHu5rab.gp. Sera were tested 2 weeks and 3 months after the booster immunizations in parallel with sera harvested after the first immunization (open symbols) and normal mouse serum controls (X). 1std, first dose. (B) The same set of mice whose results are shown in Fig. 1A were tested 2 weeks after priming (Ϫ2) and 2 and 12 weeks after booster immunization for VNAs to rabies virus. Solid bars, homologous primer-booster immunization; striped bars, heterologous primer-booster immunization. 6 PFU of AdHu5rab.gp (left panels) or AdC68rab.gp (right panels) and then given booster immunizations with the same dose of the homologous or heterologous construct 4 weeks later as described for panel A were tested for the isotype profile of antibodies to rabies virus. The upper panels show the profiles 2 weeks after priming with AdHu5rab.gp (solid bars) or AdC68rab.gp (striped bars), the middle panels show the isotype profiles 2 weeks after booster immunization, and the lower panels show isotypes 6 weeks thereafter. 
DISCUSSION
Rabies virus, a simple RNA virus, is well defined and the correlates of immune protection, i.e., neutralizing antibodies against the viral glycoprotein, are known (21) . Animal models, including those based on rodents, are considered valid for preclinical vaccine testing. This viral model has thus been commonly chosen for use in preclinical trials with novel vaccine carriers or adjuvants that aim to induce neutralizing antibody responses to the vaccine antigen (27, 28, 31, 32) . To mimic the genetic diversity of the human population, most of our studies, including the experiments presented here, have used outbred ICR mice in addition to better-characterized inbred strains of mice.
In the past, we have focused our efforts on E1 deletion Ad recombinants of the human serotype 5. Vaccine studies demonstrated that E1 deletion Ad recombinants induce, even if given at moderate doses, superb B-and CD8
ϩ -T-cell responses in experimental animals (8, 14, 20, 21, 22, 32) . The immune responses to the transgene product far surpass those achieved with other types of subunit vaccines, such as vaccinia virus recombinants and genetic vaccines (30, 32) . In the rabies model, full and long-lasting protection against a severe challenge with rabies virus can be readily induced with a single moderate s.c. or i.m. dose of the AdHu5rab.gp vaccine, while in contrast, the currently used vaccines require three doses or more. The high immunogenicity of Ad recombinants relates in part to the noncytopathic nature of such E1 deletion viruses, which results in sustained antigen expression (32) . In addition, Ads transduce dendritic cells (33) , the main and potentially the only cells able to present antigen to a naïve immune system. Although E1 deletion Ad recombinants of human serotypes have yielded highly promising results as vaccines in adult and neonatal rodents, primates, and canines (8, 14, 20, 21, 22, 32) , the preexisting immunity of humans was shown to interfere with the efficacy of systemically applied Ad vaccines (13, 15, 28) . The AdC68 vector was therefore developed and was shown to circumvent interference due to preexposure to common human serotypes of Ad (28) .
Here we tested the AdHu5 and AdC68 recombinants expressing the rabies virus glycoprotein for the induction of serum and mucosal antibody responses to rabies virus upon oral immunization. Vaccine carriers that achieve protective immune responses upon oral immunization are needed for several reasons. Vaccines that can be given through the oral route are highly desirable for developing countries where lack of skilled medical personnel and insufficient resources cause logistic problems for mass vaccination by injection. Repeated use of inefficiently sterilized needles can lead to inadvertent spread of other human pathogens, such as human immunodeficiency virus type 1, thus negating the benefit of vaccination (9) . In developed countries facing an increased risk of purposely released pathogens (6), oral vaccines would allow for far more rapid mass vaccination than could possibly be achieved with vaccines applied by injection or by propulsion devices. In addition, mucosal vaccination, such as intranasal or oral vaccination, favors the induction of antibodies secreted at mucosal surfaces (27) , which are the most common ports of entry for many pathogens, including those that spread through aerosols or sexual contact. Intranasal vaccination is cumbersome and difficult to dose. Oral vaccination, on the other hand, has been proven highly successful by the poliovirus eradication campaign (17) , in which millions of children were treated with the live attenuated polio vaccine dropped onto lumps of sugar.
It was previously reported that oral vaccination with a low dose of an AdHu5 recombinant diluted in saline failed to induce an antibody response to the transgene product. Upon increase of the vaccine dose and modification of the oral immunization protocol, seroconversion was achieved with oral application, as had been demonstrated by others with similar Ad vaccine constructs (7, 18) . As previously reported for systemic immunization, upon oral administration the AdHu5rab.gp vaccine outperformed the AdC68rab.gp construct in eliciting VNA titers and protective immunity to challenge with rabies virus. Oral immunization with either of the two Ad vectors was less efficacious than systemic immunization, and higher oral than systemic doses of vaccine were needed to induce protection against a severe intracerebral challenge with rabies virus. Notwithstanding, considering the potency of Ad vaccines given systemically, the doses needed for fully efficacious oral immunization were still moderate at 2 ϫ 10 7 PFU per mouse. In addition to serum antibodies, mice vaccinated orally with either of the Ad vaccine carriers developed mucosal antibodies to rabies virus that could be detected in vaginal lavage fluids and in fecal suspensions. In outbred mice, both Ad vaccines induced serum antibodies of IgG1, IgG2a, and IgG2b isotypes indicative of a mixed Th1-Th2 response.
The AdC68 vector was developed to overcome preexisting serotype-specific neutralizing antibodies to AdHu5 that have been shown to interfere with the efficacy of the homologous vaccine carrier given systemically (28) and that could only in part be circumvented by increasing the vaccine dose. The serum and mucosal (i.e., vaginal) antibody responses to oral immunization with the AdHu5rab.gp vaccine were notably resistant to interference by preexisting vector-specific neutralizing antibodies. A similar finding had been reported previously for mucosal vaccination with a poxvirus vector that was not affected by systemic preexposure to the vaccine carrier (1). The authors concluded that systemic preimmunization failed to result in the mucosal immune responses needed to interfere with the mucosally delivered vaccine. Using either an i.m. preexposure protocol, which resulted in high systemic titers of antibodies to Ad, or a mucosal, i.e., intranasal, immunization regimen, we obtained similar results. Nevertheless, we feel that lack of mucosally secreted antibodies does not explain our results. Upon systemic as well as intranasal Ad immunization, antibodies to Ad are secreted at the mucosal surfaces of the intestinal and genital tracts, as reported previously (27) , and we thus expected neutralization of the vaccine and reduction of the transgene product-specific antibody response. Lack of interference may reflect a number of pathways. Although we could detect IgA antibodies to Ad antigens and to the transgene product in fecal suspensions of mucosally immunized mice (27), we could not establish formally that fecal antibodies were indeed neutralizing like those detected in sera. Titers of antibodies at the oral and gastrointestinal mucosae may not have sufficed to impact uptake of the vaccine and consequently the immune response. Our finding that some interference was observed at the lowest dose ( vector supports the latter explanation. The volume of the gut lumen and the large surface areas of the oral cavity and the intestine covered by epithelial cells that express the coxsackie Ad receptor used by both AdHu5 and AdC68 (2) may prevent efficient neutralization of the vaccine. Alternatively-and this is a hypothesis that awaits experimental confirmation-distinct immune mechanisms induced by the initial AdHu5 exposure with opposing effects on the immunogenicity of the vaccine may have contributed to the apparent lack of interference at the higher doses of the AdHu5rab.gp vaccine. Preexposure to AdHu5 not only induces serotype-specific neutralizing antibodies but also nonneutralizing antibodies and presumably CD4 ϩ T helper cells that are in part cross-reactive with different Ad serotypes. This B-and T-cell cross-reactivity can be anticipated considering the high degree of conservation between different Ad serotypes of human and chimpanzee origins. T help may be more limited at the oral and gastrointestinal mucosal induction sites than in lymph nodes draining the inoculation sites of systemically or intranasally applied Ad vectors. Ad-specific T helper cells induced by immunization through the respiratory tract may thus benefit the transgene product-specific B-cell response to oral vaccination with an AdHu5 recombinant vaccine and thereby mask the effect of interference by Ad vector-specific neutralizing antibodies. Although this pathway is speculative, the assumption that T help induced by preexposure influences the mucosal antibody response to the vaccine antigen is supported by the observed increase in rabies virus-specific vaginal antibody titers and the shift of isotypes in AdHu5-preexposed, AdC68rab.gp-vaccinated mice. Isotype switching is controlled by T helper cells through cytokines, with interleukin-5, a Th2 cytokine, promoting IgA production and interleukin-4, a Th2 cytokine, inhibiting IgG2a production, which is counterbalanced by gamma interferon, a Th1 cytokine. Alternative pathways, such as effects of nonneutralizing Ad-specific antibodies on antigen presentation, cannot be excluded but are unlikely, as they should also have affected the antibody isotype profile of mice exposed to AdHu5 prior to vaccination with the AdHu5rab.gp vector. Primer-booster experiments using combinations of the Ad vaccine carriers given orally showed no advantage of heterologous over homologous boosters. Instead, maximal VNA titers were induced by repeated homologous immunization with the AdHu5rab.gp vector. Considering the lack of interference by preexisting vector-neutralizing antibodies in the transgene product-specific antibody response to oral vaccination, this result was predictable, as was the inefficiency of systemic homologous primer-booster immunization. Oral homologous versus heterologous booster immunizations with the two Ad vaccine carriers had a distinct effect on the isotypes of vaginal antibodies, as was also observed upon preexposure to AdHu5. Heterologous primer-booster vaccination, regardless of the sequence of the vaccine carriers, resulted in a balanced ratio of IgA antibodies to IgG2a antibodies (IgA/IgG2a ratio of ϳ0.8). The finding that the efficacy of orally delivered Ad-based vaccines is not impaired by preexisting Ad serotype-specific antibodies has implications for further development of such vaccines for a human target population. The findings indicate that one of the major drawbacks of recombinant vaccines based on Ad delivery systems, that is, the concomitant induction of carrier-specific neutralizing antibodies that reduce the efficacy of homologous booster immunizations for the same or a different transgene product, does not apply to oral delivery. Preexposure can modify the isotype profile of mucosal antibodies. This effect may be complex in humans that encounter natural infections with a multitude of different replicating Ad serotypes, which may vary in their preferential inductions of different T helper cell subsets. The one disadvantage of oral delivery of Ad recombinants, that is, the need for increased vaccine doses to achieve protective immunity, may at least in part be overcome by the use of more sophisticated delivery systems in larger target species. Adenovirus vectors with E1 deleted of the human serotype 5 (AdHu5) and the chimpanzee serotype 68 (AdC68) expressing the glycoprotein of the Evelyn Rokiniki Abelseth strain of rabies virus were tested upon oral application for induction of systemic and mucosal transgene product-specific antibody responses in mice. Both vectors induced systemic and mucosal antibodies to rabies virus, including virus-neutralizing antibodies and protection against a severe intracerebral challenge with a mouse-adapted strain of rabies virus. Preexisting immunity to AdHu5 virus, which dampens induction of transgene product-specific immunity elicited by AdHu5 vectors given systemically did not impair the response induced by oral vaccination. Oral primingboosting regimens with either heterologous or homologous adenoviral vectors used sequentially increased both mucosal and systemic antibody titers to rabies virus.
